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Magnesium alloys have been considered to be favorable biodegradable metallic materials used in orthopedic
and cardiovascular applications. We introduce NH+
2
to the AZ31 Mg alloy surface by ion implantation at the en-
ergy of 50 KeVwith doses ranging from 1×1016 ions/cm2 to 1×1017 ions/cm2 to improve its corrosion resistance
and biocompatibility. Surface morphology, mechanical properties, corrosion behavior and biocompatibility are
studied in the experiments. The analysis confirms that the modified surface with smoothness and hydrophobicity
significantly improves the corrosion resistance and biocompatibility while maintaining the mechanical property
of the alloy.
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I. INTRODUCTION
Magnesium and its alloys as biodegradable metals have
received much attention due to their promising applications
in orthopedic, cardiovascular and other medical fields [1–5].
For example, biodegradable implants can provide mechani-
cal support during the mending of injured tissue and can also
be decomposed in the body fluid after cure rather than been
removed by a second surgery [6, 7]. The magnesium ions
released from the implanted material also offer beneficial ef-
fects on bone growth [8–10]. Moreover, magnesium and its al-
loys have remarkable advantages over the Ti-based alloys and
stainless steels in density and elastic modulus. The density of
magnesium alloys range from 1.74 to 2.0 g/cm3 and the elas-
tic modulus is from 41 to 45 GPa which are closer to those of
human bones compared to the Ti-based alloys (4.4-4.5 g/cm3
and 110-117GPa) and stainless steels (7.9-8.1 g/cm3 and 189-
205 GPa) [11, 12].
There are still a number of challenges in the development of
magnesium alloys for medical applications. Since the intrin-
sic standard corrosion potential of Mg (-2.37 VS CE ) is smaller
than that of other biodegradable metals (Zn: -0.76 VS CE , Fe:
-0.44 VS CE ) [13, 14], pure magnesium and most magnesium
alloys have poor performance in corrosion resistance and pro-
duce hydrogen gas during the degradation process [15]. Ad-
ditionally, unlike applications in pyrotechnics, metallurgical
industry, and automotive products, biomedical field requires
magnesium and its alloys to possess not only controlled degra-
dation rate but also excellent biocompatibility [16, 17]. There-
fore, a lot of methods such as alloying, coating and surface
treatment have been used to enhance both the corrosion resis-
tance and the biocompatibility of magnesium and its alloys.
Ion implantation is one of the effective surface treatment
methods to improve the anticorrosion and biocompatibility of
magnesium alloys through the surface modification. Ion im-
plantation can form a functional surface by inserting a beam
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of varied ionized particles; it also has the following outstand-
ing advantages: 1) It does not change the size and shape of the
samples, so it can be used in the last step in the product man-
ufacturing process, especially for those small, complex and
irregular parts (such as screws, nuts, etc.); 2) The implanted
ions have high purity and controllable concentration; 3) The
treatment process is clean and environmental friendly. Many
types of ions, such as gaseous ions O2 [18, 19], N2 [20–22],
metallic ions Gd [23], Ce [24], and dual ions Zr-N[25], Cr-
O [26], have been utilized in the ion implantation technology
to effectively improve the corrosion resistance of magnesium
and its alloys. Additionally, a class of organic functional ion
implantation has been applied in other fields such as chemical
modified electrode, graphene, and bioceramic [27–30]. Zhao
et al. [31] reported that Al2O3 ceramics bombarded with NH
+
2
ions demonstrated excellent performance in biocompatibility
with living bones in the animal tests. As Li et al. [32] re-
ported that the 3T3 mouse fibroblasts and human endothelial
cells achieved better attachment and proliferation cultured on
the surface of the polypropylene implanted by COOH+ ions.
However, to the best of our knowledge, there is limited infor-
mation about the organic functional ions in Mg alloy surface
modification. In the consideration of the potential of ion im-
plantation for anticorrosion and the less toxicity of organic
molecules comparing to the metal ions, this paper reports a
study of improving the corrosion resistance and the biocom-
patibility of AZ31 Mg alloy by NH+
2
implantation. The me-
chanical performance of the alloy is measured by Nano inden-
ter. The corrosion property is analyzed by both electrochemi-
cal and immersion tests, and the biocompatibility of the mod-
ified alloy is investigated by the cell viability assay in vitro.
II. EXPERIMENTAL DETAILS
A. Ion implantation and surface characterization
The AZ31 Mg alloy (Mg with Al 3.12 wt.%, Zn 0.93 wt.%,
and Mn 0.30 wt.%) was cut into blocks with dimensions of
10mm×10mm×2mm. The samples were groundwith different
2grit sizes of SiC sandpapers (up to 2000 grit), ultrasonically
cleaned in acetone, absolute ethanol for 10 min respectively,
and dried in the air. NH+
2
ion implantation was performed
on an ion implanter equipped with gaseous NH3 as the ion
source. The pressure in the target chamber was maintained
around 10−3 Pa, and the current density of ion beam was less
than 0.01 A/cm2. The NH+
2
ions identified by mass spectrom-
etry were accelerated and implanted into the target samples
with doses of 1 × 1016, 5 × 1016, and 1 × 1017 ions/cm2 at an
energy of 50 KeV.
The elemental depth profiles and chemical compositions of
the treated samples were determined by X-ray photoelectron
spectroscopy with Al KαX-rays as the radiation source (XPS,
PHI Quantera II, Ulvac-Phi Inc.). The approximated sputter-
ing rate for depth profiling analysis was 8.8 nm/min based
on the reference standard. Atomic force microscopy (AFM,
SPM-960, Shimadzu, Japan) was used to examine the surface
morphology before and after the ion implantation. The wa-
ter contact angle was measured by a contact angle goniometer
(FTA 200, Dataphysics Inc., USA). Themechanical properties
of the sample surface were determined using Nano Indenter
(XP, MTS Systems Corporation, USA).
B. Electrochemical tests
The electrochemical tests were operated on the electro-
chemical workstation of a three-electrode cell system with
a platinum foil as the counter electrode, a saturated calomel
electrode (SCE) as the reference electrode, and the sample
as the working electrode. The exposed surface area of the
sample to the Hank′s solution (NaCl 8.00 g/L, KCl 0.40 g/L,
CaCl2 0.14 g/L, MgCl2·6H2O 0.10 g/L, MgSO4·7H2O 0.10
g/L, KH2PO4 0.06 g/L, Na2HPO4·2H2O 0.06 g/L, NaHCO3
0.35 g/L, glucose 1.00 g/L) was 1 cm2 at the temperature of
37◦C. The potentiodynamic polarization curves were obtained
at a scanning rate of 1 mV/s. The corrosion potential (Ecorr)
and the corrosion current density (Icorr) were measured from
the polarization curve according to Tafel analysis. The elec-
trochemical impedance spectroscopy (EIS) was performed in
a range from 100 kHz to 100 mHz with a 5 mV amplitude
perturbation. For each type of samples, at least three samples
were tested.
C. Immersion tests
Immersion tests on the NH2-implanted and the untreated
AZ31 Mg alloys were carried out in Hank′s solution accord-
ing to ASTM-G31-72 [33]. The samples were submerged in
the solution with the volume to area ratio of 20 mL/cm2 at a
temperature of 37◦C using water bath. After immersion for 3,
7, 15, 31 days, the samples were taken out from the solution.
The corrosion products on the samples were removed with
chromic acid. The samples were gently rinsed with distilled
water, and then dried in open air. The changes on the sur-
face morphology were detected using scanning electron mi-
croscopy (SEM, S-4800, Hitachi, Japan). For each immersion
time node, the average corrosion rate for 3 parallel specimens
was calculated as follows:
v =
∆m
S t
(1)
where v is the corrosion rate expressed in units of grams per
square meter per hour (g/(m2 · h)). ∆m represents the mass
loss. S is the surface area of the sample before immersion. t
is the immersion time.
D. Cytotoxicity tests
Mouse MC3T3-E1 preosteoblasts (acquired from Ameri-
can Type Culture Collection (ATCC)) were utilized to evalu-
ate the cytotoxicity of untreated and NH+
2
implanted AZ31Mg
alloy by indirect cell assay. Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco) with 10% fetal
bovine serum (FBS) at 37◦C in a humidified atmosphere of
5% CO2. Prior to the cell viability experiment, samples were
sterilized under ultraviolet radiation for 2 hrs. Extracts were
produced by immersing the samples into serum-free DMEM
in a humidified atmosphere of 5% CO2 for 72 hrs. The sur-
face area of extraction medium ratios were set at 0.5 and 1.25
cm2/ml, respectively. Then the supernatant fluid was with-
drawn, filtered, and refrigerated at 4 ◦C for the following as-
say. MC3T3-E1 cells were seeded on 96-well culture plates
with a density of 1 × 103 cells per well and incubated for 24
hrs to allow attachment. The medium was then replaced by
the corresponding alloy extracts with 10% FBS. The DMEM
medium with 10% FBS was set as control groups. After 1 and
3 days of incubation, 10 µL MTT was added into each well
and then cells were incubated for 4 hrs. 100 µL dimethyl sul-
foxide was added to dissolve the formed formazan crystals.
The absorbance of each well was measured with a microplate
reader at the wavelength 490 nm (Cytation3, Bio-Teh, USA).
In the end, the cell viability was computed as follows:
Viability =
ODsample
ODcontrol
× 100% (2)
III. RESULTS
A. Surface characterization
The XPS depth profile of the sample implanted with the
dose of 1 × 1017 NH+
2
/cm2 is depicted in Fig.1 and the high-
resolution XPS Mg 1s, O 1s, Al 2p, and N 1s spectra are
shown in Fig. 2. As shown in Fig.1, the concentration of N
atom increases first with the sputtering time and then slowly
decreases to 0%, indicating the formation of a thin NH2-
containing layer with a maximum concentration of approxi-
mately 16% at a depth of nearly 141 nm. The existence of
oxygen in the top layer results from the formation of surface
oxides due to the non-high vacuum condition. The oxygen
and nitrogen concentrations fall down to very low levels at the
depth exceeding 202 nm. The high-resolution Mg 1s spec-
trum in the Fig 2(a) shows that Mg is observed in the form
of oxidized state (MgO/Mg(OH)2) in the top surface layer.
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FIG. 1: XPS depth profiles of the implanted sample with dose of
1 × 1017 NH+
2
/cm2 by XPS.
With the longer sputtering time, the Mg 1s peak shifts toward
smaller binding energy, implying that Mg gradually turns to
the metallic state (Mg0). The binding energy of Al 2p at 74.4
eV suggests that Al2O3 is observed on the surface. The inten-
sity of the Al peak shifts from the oxidized state to the metallic
state with increasing in depth. The binding energy of N 1s in
the spectrum is around at 398.4 eV indicating the presence
of amino. This result confirms the successful grafting of or-
ganic functional groups on the surface of AZ31 magnesium
alloys. As shown in Fig.2(b), the oxygen peak represents the
formation of MgO, Mg(OH)2, and Al2O3 in the top layer. The
oxygen peak intensity decreases with sputtering time, which
is in accordance with the gradually reduced oxygen concen-
tration as shown in Fig. 1. The formation of the amino layer
and the oxide layer (MgO, Mg(OH)2, and Al2O3) provides a
barrier to resist the corrosion of magnesium alloy [34–37].
The atomic force microscopy (AFM) images of the un-
treated and treated samples are shown in Fig. 3, which re-
veals the changes in the surface topography after implanted
with different doses of NH+
2
ions. The surface of the untreated
sample is relatively rough with many particles. After the im-
plantation with various doses of NH+
2
ions, more compact and
finer particles are observed on the surface. The number of
pits is significantly reduced with the higher implantation dose.
The root-mean-square (RMS) roughness values reduce with
increasing doses as shown in Table I. This indicates that the
surface becomes smoother after NH+
2
ion implantation which
may be attributed to the surface restructure at raised tempera-
ture during surface modification process [38]. Moreover, as
reported in literatures [39–41], the smoother surface corre-
sponds to the lower corrosion rate because the electrode po-
tential has small difference between the concave and convex.
Since a relatively smooth surface of sample is obtained by sur-
face modification throughNH+
2
ions, the sample is expected to
be better resistant to corrosion.
Fig. 4 shows the variation in water contact angles of AZ31
Mg alloys before and after being treated by NH+
2
ions. AZ31
Mg alloy is a type of hydrophilicmaterial with a water contact
angle of 47.95◦. With the higher implantation doses, the wa-
ter contact angle of the treated sample increases. The higher
contact angle corresponds to the lower wettability, which indi-
cates that more hydrophobic surface is obtained after the NH+
2
ion implantation [42, 43].
B. Mechanical property
The results of the hardness and the elastic tests are shown
in Fig. 5. The indentation depth is much larger than the im-
plantation depth as revealed in the XPS depth profile results,
indicating that the data of hardness and the data of elastic
modulus are not only based on the implanted layer but also
the substrate layer. Both the hardness and the elastic modu-
lus of the untreated sample maintain a plateau with increas-
ing depth. While the hardness and elastic modulus of the
treated samples exhibit diverse trend with the displacement
into the surface. As to the implanted sample with dose of
1 × 1017 NH+
2
/cm2, the maximum hardness reaches 5.4 GPa
at 35.7 nm under the surface and then decreases to a plateau
value of 1.2 GPa at approximately 1017.7 nm. The maximum
value of elastic modulus is 67.3 GPa at the topmost layer and
then decreases to a constant value of 44.5 GPa. Similar trend
can be observed for the samples with doses of 1 × 1016 and
5 × 1016 NH+
2
/cm2, respectively. Both the hardness and the
elastic modulus of the treated samples decrease gradually to
constant values which are the values of the substrate with in-
creased indentation depth. Thus, the mechanical performance
of the implanted layer is better than the substrate, or at least
comparable to the latter [44, 45].
C. Corrosion performance
The potentiodynamic polarization curves of different sam-
ples soaked in Hank′s solution at 37◦C are exhibited in Fig.
6. The electrochemical parameters are analyzed to charac-
terize the corrosion nature as listed in Table I. In contrast to
untreated AZ31 magnesium alloy, the samples implanted with
NH+
2
all achieve lower corrosion current density (Icorr). The
Icorr values for the treated samples are shifted towards neg-
ative direction as increasing implantation dosage. This indi-
cates that the surface layer containing more NH+
2
ions may be
more beneficial to restrain the transfer of Cl− during the po-
larization process [46–48]. Therefore the degradation of mag-
nesium alloy could be suppressed by NH+
2
ions implantation.
The EIS experiment is conducted to analyze the corrosion
property of electrode system. In general, the impedance spec-
tra are described either by a Nyquist (complex plane) plot
in which the opposite of imaginary part of impedance (Zim)
versus the real part or by a Bode plot where the modulus of
the impedance and the phase angle versus frequency, respec-
tively [49–52]. Fig. 7 shows the EIS data of unimplanted and
NH2-implanted samples in Hank
′s solution at 37◦C. As shown
in Fig. 7(a), two capacitive loops are emerged at high fre-
quency due to the formation of magnesium hydroxide/oxide
and the dissolution of Mg through cracks [53]. The capacitive
loops are distinguishable for the treated samples with dose of
5×1016 and 1×1017 ions/cm2, whereas almost overlapping for
the treated sample of 1 × 1016 ions/cm2 and untreated sample
[54]. The capacitive loops of the implanted samples are sig-
nificantly larger than that of the untreated sample. And the di-
41300 1302 1304 1306 1308 1310 526 528 530 532 534 536 538 540
70 72 74 76 78 80 82 396 398 400 402 404 406 408
(d)(c)
(b)
23.0min
19.5min
16.0min
12.5min
9.0min
5.5min
2.0min
23.0min
19.5min
16.0min
12.5min
9.0min
5.5min
2.0min
23.0min
19.5min
19.5min
16.0min
12.5min
9.0min
5.5min
2.0min
Mg 1s
In
te
ns
ity
 (a
.u
.)
Binding Energy (eV)
Mg0
Mg2+
2.0min
5.5min
9.0min
12.5min
16.0min
23.0min
(a) O 1s
In
te
ns
ity
 (a
.u
.)
Binding Energy (eV)
O2+
Al0Al 2p
In
te
ns
ity
 (a
.u
.)
Binding Energy (eV)
Al3+
N 1s
In
te
ns
ity
(a
.u
.)
Binding Energy(eV)
NH
+
2
FIG. 2: High-resolution XPS spectra of the implanted sample with dose of 1 × 1017 NH+
2
/cm2 at different sputtering time.
TABLE I: Comparison of AZ31 with and without implantation in terms of surface roughness.
Doses (ions/cm2)RMS roughness (nm)Ecorr (V)icorr (µA/cm
2)
0 35.80 ± 1.03 -1.03 869.72
1 × 1016 29.68 ± 4.31 -1.03 441.34
5 × 1016 17.20 ± 1.46 -1.05 206.00
1 × 1017 12.80 ± 0.44 -1.01 125.23
ameter of the capacitive semicircle is the largest for implanted
sample with a dose of 1 × 1017 NH+
2
/cm2. Since the larger
is the capacitive loop, the better is the corrosion resistance.
The Nyquist plot implies that the anti-corrosion performance
of AZ31 Mg alloy improves after NH+
2
ion implantation.
The Bode impedance plots of the untreated and the im-
planted sample are displayed in Fig. 7 (b). The impedances of
the implanted samples are higher at all frequency range com-
pared to that of the untreated samples. As to the sample with
high implantation dose (1× 1017 NH+
2
/cm2), the impedance is
8 times larger than that of the untreated sample at the low fre-
quency of 100 mHz, and the impedance is increased evidently
by 2 times compared with that of the untreated sample at the
high frequency of 100 kHz. As reported in literatures [38, 55–
59], the higher impedances at low and high frequencies reflect
the slower process of charge transfer and the poor ability of
the electrolyte to penetrate. So the Bode impedance result
implies that surface protection is enhanced after NH+
2
ion im-
plantation. The Bode phase angle evolution of the untreated
and the implanted sample is shown in Fig. 7 (d). The maxi-
mum phase angles of treated samples increase with increasing
implantation dose, and are all larger than that of the untreated
sample. More capacitive behavior is demonstrated by larger
phase angle, which suggests the occurrence of a more stable
and denser layer to retard the electrolyte penetration to the
substrate [60, 61]. Hence, the difficulties in charge transfer
and electrolyte penetration confirm that ion implantation ef-
fectively improves the corrosion resistance.
To further investigate the enhanced corrosion resistance, the
electrical equivalent circuit is utilized to fit the EIS spectra of
the untreated sample and the implanted sample, as shown in
Fig. 7 (c). The equivalent circuit displays two layers, a porous
outer layer and a barrier-like inner layer. CPE1 is the constant
phase element of the outer porous layer and R1 is the corre-
5FIG. 3: Surface morphology of the samples observed by AFM: (a) untreated, (b) implanted sample with dose of 1×1016 ions/cm2, (c) implanted
sample with dose of 5 × 1016 ions/cm2, and (d) implanted sample with dose of 1 × 1017 ions/cm2 .
FIG. 4: Contact angles for water on AZ31 Mg alloy.
sponding resistance. The CPE2 stands for the constant phase
element in the inner layer in parallel connection with the re-
sistance R2. Rs represents the solution resistance between the
working electrode and the reference electrode. The fitted pa-
rameters of the electrical equivalent circuit are listed in Table
II. As disclosed in Table II, R1 and R2 increase while CPE1
and CPE2 decrease after samples implanted by NH
+
2
ion, indi-
cating that the corrosion rates are retarded in Hank′s solution.
As to the sample of high implantation dose (1×1017 ions/cm2),
it achieves the highest resistance, approximately 10 times in
R1 and R2 larger than that of the untreated sample. The resis-
tance R2 of the inner layer is dramatically increased which is
attributed to the formation of MgO, Al2O3, and amino based
on the results of the XPS depth profile. Hence, the stable in-
ner layer of the implanted sample can further reinforce the
corrosion resistance with the corrosion evolution. These EIS
results suggest that the samples modified by NH+
2
ion improve
the anti-corrosion property of AZ31 Mg alloys and are in ac-
cordance with the polarization curve.
The immersion test is conducted to further study the corro-
sion resistance behavior. The corrosion rate is calculated by
the mass loss method with sample soaked in the Hank′s so-
lution for 3, 7, 15, 31 days at 37◦, respectively. As shown in
Fig. 8, the corrosion rate decreases with increasing immersion
time. The corrosion rates of NH2-implanted samples have
smaller values than that of the untreated sample. Fig. 9 ex-
hibits the corrosion morphologies of the NH2-implanted and
the untreated samples after immersed into the Hank′s solution
for 3, 7, 15, 31 days at 37◦C, respectively. Group (a) is the
surface morphology of the untreated sample while Group (b)
is the surface morphology of the NH2-implanted sample with
dose of 1 × 1016 ions/cm2. As shown in Group (a) of Fig. 9,
cracks are obviously observed after immersion for 3 days. The
general trend of crack spacing goes bigger along with longer
immersion time. The untreated sample even suffers from se-
vere corrosion pits after immersion for 31 days. On the con-
trary, some tiny cracks are observed on the NH2-implanted
sample after immersion for 3 and 7 days. Although the cor-
rosion cracks grow larger, the obvious corrosion pit does not
appear on the treated surface after immersion for 31 days in
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TABLE II: Electrochemical parameters of AZ31 with and without implantation obtained by equivalent circuit simulation.
Doses (ions/cm2)Rs(Ωcm
2)CPE1(Ω
−2cm2S −n) n1 R1(Ωcm
2)CPE2(Ω
−2cm−2S −n) n2 R2(Ωcm
2)
0 11.83 3.93 × 10−5 0.98 19.74 7.42 × 10−4 0.54 24.59
1 × 1016 15.67 3.64 × 10−5 0.98 50.78 6.64 × 10−4 0.67 34.11
5 × 1016 35.52 2.77 × 10−5 0.96 159.00 5.55 × 10−4 0.59 207.40
1 × 1017 21.93 1.55 × 10−5 0.99 197.10 5.09 × 10−4 0.54 262.20
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FIG. 6: Potentiodynamic polarization curves of untreated and NH+
2
implanted AZ31 in Hank′s solution.
Group (b). Therefore, the corrosion rate of the AZ31Mg alloy
is effectively decreased after the NH+
2
ion implantation.
D. In vitro cytotoxicity studies
In order to evaluate the vitro cytotoxicity of the samples, the
viability of MC3T3-E1 cells with different extraction medium
ratios (0.50 and 1.25 cm2/ml) after incubation for 3 day is
measured, as shown in Fig. 10. The cell viability of the con-
trol group is considered as 100%. As known in ISO 10993-
5, cell viability is larger than 80% corresponding to Grade 0
or Grade 1 of cytotoxicity of materials, which indicates that
this material can be used as biomaterials [62, 63]. For the
extraction medium ratio of 0.5 cm2/ml, cells of the untreated
samples exhibit viabilities below 80%, indicating obvious cy-
totoxic effects according to the ISO 10993-5. However, cell
viabilities in NH+
2
-AZ31 extracts are all above 80% and higher
than that in the untreated AZ31 extract during the whole in-
cubation period. As to the extraction medium ratio of 1.25
cm2/ml (Fig. 10(b)), the cells display roughly the same via-
bility (about 80%) for different samples after incubation for 1
day. However, after 3 days of incubation, cells grown in the
extract from NH+
2
-implanted samples present significantly in-
creased activity compared to the untreated sample, indicating
that the cytotoxic effect of the implanted sample on MC3T3-
E1 preosteoblasts is not developed, though the reduced cell
viability is observed in the first day of incubation. This in-
dicates that the implanted samples with the smoother surface
and the reduced corrosion rate show the relatively stable and
biofriendly effect on cell growth [64]. Overall, the cell via-
bility of samples with NH+
2
ion implantation is significantly
higher than that of the untreated samples after the incubation
for 3 days, indicating the better biocompatibility of the NH+
2
-
implanted AZ31 Mg alloy [65].
IV. DISCUSSION
A. Corrosion behavior
According to the XPS spectra (Fig. 1-2), NH+
2
ions have
been successfully implanted into the sample surface with the
formation of the ammonia and the oxide layers. A relatively
smooth and compact surface of treated sample is observed by
AFM (Fig. 3). As shown in Fig. 4, a larger water contact angle
of the treated sample suggests that a hydrophobic surface is
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obtained after the NH+
2
ions implantation.
The modulated smooth surface with hydrophobicity signif-
icantly improves the corrosion resistance of AZ31 Mg alloy
which can be proved by the electrochemical tests (Fig. 6-7)
and the immersion test (Fig. 8-9) in Hank′s solution at the
temperature of 37◦C. The degradation process is generally ac-
companied by electrochemical reactions. Magnesium is one
of the active metals that can quickly dissolve (Eq. (3)) at the
anode electrode during immersion [66, 67]. Mg2+ reacts with
H2O to generate hydrogen gas at the cathode electrode (Eq.
(4)). The Mg(OH)2 layer forms with consuming the H
+ and
producing the OH− (Eq. (5)), creating an alkaline environ-
ment.
Mg → Mg2+ + 2e− (3)
H2O + 2e
−
→ H2 + 2OH
− (4)
Mg2+ + 2OH− → Mg(OH)2 (5)
The Mg(OH)2 can be corroded by Hank
′s solution which con-
tains abundant Cl−. According to the penetration/dissolution
mechanism as reported in [68], Cl− disperses and interacts in
the hydroxide, then penetrates through the hydroxides to reach
the substrate, which results in the dissolution of the substrate.
The thinner Mg(OH)2 layer of the untreated sample is easily
attacked by Cl− leading to the poor corrosion resistance of
the material. However, for samples implanted by NH+
2
, the
stable products including the ammonia layer and oxide layer
(MgO/Al2O3) are formed as the strong barriers against the
corrosion to the substrate. These layers can delay the elec-
trolytes to Mg substrate. Therefore, the corrosion rate is de-
creased after the NH+
2
ion implantation.
8FIG. 9: Surface morphology of samples in different immersion time periods. Group (a) is the bare sample, and group (b) is implanted sample
with dose of 1 × 1016 ions/cm2.
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FIG. 10: In vitro viability of MC3T3-E1 cells cultured in unim-
planted and implanted AZ31 extraction mediums for 1 and 3 days
with different extraction medium ratios: (a) 0.50 cm2/ml and (b) 1.25
cm2/ml.
B. Cytotoxicity evaluation
Although the AZ31 magnesium alloy is a candidate of bio-
material because of its mechanical property and biodegrad-
ability, improvements in chemical stability in living tissues,
biological properties including wettability, adhesion and bio-
compatibility are required so that it could have strong bondage
with organic bone tissue. The -NH2 and -NH amidogen rad-
icals are helpful in simulating the activity of living tissues.
In order to evaluate the biocompatibility of NH+
2
implanted
AZ31, we have conducted the toxicity assay which is a vital
index for rapidly screening the biocompatibility of biometal
materials. The toxicity of implants is mainly affected by the
amount of released ions during degradation. In practice, cy-
totoxic effect occurs if the released ion concentration is be-
yond the tolerance limit. Moreover the corrosion process con-
tributes to the local alkalization and hydrogen evolutionwhich
are harmful to cell viability.
As shown in Fig. 10, samples implanted by NH+
2
ions do
not induce toxicity to MC3T3-E1 cells after cultured for 3
days. This indicates that the decreased corrosion rate leads
to the limited alkalization and hydrogen evolution and delays
the release of ions. Additionally, the -NH2 amidogen radi-
cal as a functional group, which is generally found in organic
molecules, is less toxic in comparison with the metal ions. In
contrary, the untreated sample presents a lower cell viability
compared to the implanted ones, mainly resulting from the
higher concentration of the released metal ions. Therefore,
the biocompatibility is enhanced through grafting the -NH2
amidogen radical onto the inorganic biomaterial (AZ31).
V. CONCLUSIONS
In this study, AZ31 magnesium alloy is implanted by differ-
ent doses of NH+
2
ions at energy of 50 KeV. The degradation
behavior and the cytotoxicity of the ion implanted samples
have been investigated. The results from potentiodynamic po-
larization, electrochemical impedance spectroscopy, and im-
mersion tests demonstrate that the implanted samples show
the improved performance in corrosion resistance. This is at-
tributed to the formation of a stable and protective layer com-
posed of oxide and amino with stable chemical bonds as a bar-
rier to prevent the material from being corroded by biological
liquid. Furthermore, the modification by NH+
2
ions improves
the bioactivity of the material surface. In the toxicity experi-
ment, higher viability of implanted samples is observed from
the extraction medium ratio of 1.25 cm2/ml after incubating
for 3 days, which confirms the desired biocompatibility of the
treated samples in vitro. Our data indicates that NH+
2
ion im-
plantation is a favorable method of improving corrosion re-
sistance and cytocompatibility of the AZ31 magnesium alloy.
The method of implanting simple organic functional groups
on Mg alloy surface may provide a new perspective for the
surface treatment for biomaterials.
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